Extracting transient structural information of a solute from time-resolved x-ray diffraction ͑TRXD͒ data is not trivial because the signal from a solution contains not only the solute-only term as in the gas phase, but also solvent-related terms. To obtain structural insights, the diffraction signal in q space is often Fourier sine transformed ͑FT͒ into r space, and molecular dynamics ͑MD͒ simulation-aided signal decomposition into the solute, cage, and solvent terms has so far been indispensable for a clear-cut assignment of structural features. Here we present a convenient method of comparative structural analysis without involving MD simulations by incorporating only isolated-species models for the solute. FT is applied to both the experimental data and candidate isolated-solute models, and comparison of the correlation factors between the experimental FT and the model FTs can distinguish the best candidate among isolated-solute models for the reaction intermediates. The low q region whose influence by solvent-related terms is relatively high can be further excluded, and this mode of truncated Fourier transform ͑TFT͒ improves the correlation factors and facilitates the comparison. TFT analysis has been applied to TRXD data on the photodissociation of C 2 H 4 I 2 in two different solvents ͑methanol and cyclohexane͒, HgI 2 in methanol, and I 3 − in methanol excited at 267 nm. The results are consistent with previous conclusions for C 2 H 4 I 2 in methanol and HgI 2 in methanol, and the new TRXD data reveal that the C 2 H 4 I transient radical has a bridged structure in cyclohexane and I 3 − in methanol decomposes into I+I 2 − upon irradiation at 267 nm. This TFT method should greatly simplify the analysis because it bypasses MD simulations.
I. INTRODUCTION
Recent years have witnessed great advances in ultrafast diffraction using either x-rays or electrons. [27] [28] [29] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] In particular, time-resolved x-ray diffraction ͑TRXD͒ from laser-excited molecules in liquids has been realized [9] [10] [11] [12] [13] [14] due to the development of global fitting analysis 12 and technological innovations 10, 43 in synchrotron instrumentation, and has made it possible to track complex reactions in solution by time-resolved diffraction with temporal and spatial resolutions of 100 ps and 0.001 Å, respectively. For instance, the photodissociation reaction of HgI 2 in methanol was recently investigated by this technique and the data analysis revealed that the major primary reaction is a simple two-body dissociation giving HgI + I, whereas the three-body dissociation giving Hg+I+I is negligible, in stark contrast to the gas phase reaction which gives both channels.
14 In addition, it was shown that the formation of the HgI-I isomer is also negligible. Moreover, TRXD allowed for the properties and structures of elemental liquids to be studied. [15] [16] [17] Compared with obtaining structural information from the gas phase, 27, 28, 40, 41, [44] [45] [46] obtaining like information from the solution phase is more difficult due to the presence of a large number of solvent molecules that surround the solute molecules of interest. The diffraction signal in the gas phase comes only from isolated ͑noninteracting͒ molecules ͑solutes͒, 27, 37, 41, [47] [48] [49] but the diffraction signal in solution is the sum of the solute-only term, the solute-solvent cross term, and the solvent-only term. Due to this complexity, fingerprinting of the reaction intermediates and the mathematical decomposition of the scattered x-ray signal has so far been aided by quantum calculations and molecular dynamics ͑MD͒ simulations. 12 MD simulation can generate statistical atom-atom correlation functions for a solution 50, 51 and has been indispensable for disentangling the different contributions from the scattering patterns. However, obtaining all MD components for a complete global fitting analysis is time consuming and the accuracy of the MD simulation in low q region is often questionable due to the use of a finite simulation box size and an approximate potential. In addition, the knowledge of the structural dynamics of the solute alone would be the first step to solve the interesting chemistry/physics of solvent-solute interactions, and the molecular structures of the intermediate species are themselves the target of research. For example, it is of great interest to determine whether the C 2 H 4 I radical is bridged or not in the photodissociation of I from C 2 H 4 I 2 in solution, as shown in Fig. 1͑a͒ because the structural nature of the transient radical determines the stereochemistry of the final products. The solvent heating and expansion is a secondary problem. Another example is the photodissociation of HgI 2 in solution, which has four candidate reaction channels as shown in Fig. 1͑b͒ . In this paper, we also investigated the photodissociation of I 3 − in methanol, as shown in Fig. 1͑c͒ . Note that the solute-only term can be generated by considering structural information of only a single isolated solute molecule ͑an isolated-solute model analogous to a gas-phase model͒ rendering MD simulations unnecessary. For this reason, an alternative way to analyze time-resolved diffraction data using only isolated-solute model without involving time-consuming MD simulations is desirable.
To obtain structural insight, the diffraction signal in q space is often Fourier sine transformed ͑FT͒ into r-space data, radial distribution functions ͑RDFs͒. Here we present a new method of obtaining structural insight by incorporating isolated-solute models without biasing the experimental data towards candidate models. The key idea is simple; FT is applied to both the experimental data and candidate isolatedsolute models, and a comparison of the degree of correlation between the experimental RDF and the model RDFs can distinguish the best candidate among isolated-solute models for the reaction intermediates. For the solute containing heavy atoms, which scatter to much larger q values, the high q region is dominated by the solute since the light-atom scattering of the solvent falls off more rapidly with q. The low q region whose influence by solvent-related terms is relatively high can be further excluded, and this mode of truncated Fourier transform ͑TFT͒ improves the degree of correlation and facilitates the comparison since it allows for the experimental data to be uncontaminated by a theoretical model, while still being able to be used to evaluate candidate isolated-solute models. The application of TFT to TRXD data on the photodissociation of C 2 H 4 I 2 in methanol and cyclohexane clearly shows that the C 2 H 4 I transient radical has a bridged structure rather than a classical anti structure, confirming the previous conclusion. 12 Also in the case of HgI 2 and I 3 − , TFT analysis can distinguish the best reaction channel against other candidate models. TFT analysis should greatly simplify the analysis since MD simulations are not required. TFT is relevant not only to solution-phase data but also to gas-phase data 27, 28, 40, 41 because the low q region ͑be-low 2 -4 Å −1 ͒ of the latter is typically not obtained experimentally.
We explain the experimental method in Sec. II. In Sec. III, we show two modes of truncating the low q signal in Fourier transform and their effects in a model system. Then, the developed method is applied to real experimental data of C 2 H 4 I 2 , HgI 2 , and I 3 − in solution.
II. EXPERIMENT
Experimental details are provided in our previous publications. 12, 14, 16, 52 Time-resolved data on I 3 − in methanol and C 2 H 4 I 2 in cyclohexane were newly collected, but the data sets for C 2 H 4 I 2 and HgI 2 in methanol were taken from our previous publication 12, 14 for analysis here. Differencediffraction curves ͑⌬S͑q , t͒, ͓q = ͑4 / ͒sin͑͒, where is the wavelength of the x rays, 2 is the scattering angle, and t is the time delay͔͒ were generated by subtracting the reference data at −3 ns from the data at any other time delay. 11 We often multiply ⌬S͑q , t͒ by the scattering vector, q, to magnify the intensity at higher q which is dominated by the soluteonly term. The possible structures of the parent molecules and the transient intermediates in the solution phase were calculated by the ab initio and density functional theory ͑DFT͒ methods using the code GAUSSIAN 03. 53 The details are provided clearly in our previous publications. 42, 54 
III. RESULTS AND DISCUSSION

A. Truncated Fourier transform
Since the result in q space is abstract, one often presents the result more conveniently in r space. The corresponding difference RDF, r⌬S͑r , t͒, which provides radial electron density changes as a function of interatomic distance r, is obtained by sine-Fourier-transforming the q⌬S͑q , t͒ curves,
Often we multiply some modification function M͑q͒ to q⌬S͑q , t͒. M͑q͒ can be simply exp͑−␣q 2 ͒ or further divided by a sharpening function where the constant ␣ is a damping constant to account for the fact that the experimental data do not extend to infinity. The damping factor is chosen so that exp͑−␣q 2 ͒ at the maximum value of q is close to 0. function, one can redefine r⌬S͑r , t͒ as the sine-Fourier transform ͑SFT͒ of f͑q , t͒ = q⌬S͑q , t͒M͑q͒,
Because of the absence of experimental points in the low q region, one normally fills the gap with theoretical curves to extend the data and in this way can minimize the truncation in the FT. [55] [56] [57] In this process, the resulting r-space curves are biased toward the attached theoretical model. This model bias can hamper the validity of comparing the experimental data to candidate theoretical models in r space.
Since the solvent-related contribution to ⌬S͑q , t͒ is relatively high in the low q region, it can be reduced by removing the low q part of ⌬S͑q , t͒ before FT. The simplest way ͑mode A͒ is to append zero values to ⌬S͑q , t͒ for 0 ഛ q ഛ q T and to transform from q T rather than zero. Then the corresponding TFT can be defined as follows:
If we define a step function u͑q͒ = 0 for ͉q͉ Ͻ q T and 1 for ͉q͉ Ͼ q T , and a window function w͑q͒ = 1 for ͉q͉ Ͻ q T and 0 for ͉q͉ Ͼ q T , r⌬S A ͑r , t͒ can be considered as SFT of the original function multiplied by the step function. Then, r⌬S A ͑r , t͒ is the convolution of r⌬S͑r , t͒ and U͑r͒, the cosine-Fourier transform ͑CFT͒ of u͑q͒. Alternatively r⌬S A ͑r , t͒ can be obtained by subtracting the convolution of r⌬S͑r , t͒ and W͑r͒, the CFT of w͑q͒, from r⌬S A ͑r , t͒ ͑see Appendix A for details͒
where the symbol means convolution. The term ͑r⌬S͑r , t͒͒ W͑r͒ corresponds to the contribution of the low q region alone. Subtracting this from the original r⌬S͑r , t͒ removes the low q contribution, but at the same time, W͑r͒ has the sin͑q T r͒ / r component and thus creates serious ripples in the resulting RDFs, as can be seen in the following section. This truncation error can be eliminated by shifting f͑q , t͒ by q T and this offers an alternative way to truncate the low q data below q T ͑mode B͒ as in
If we define a signum function, sgn͑q͒ = −1 for q Ͻ 0 and 1 for q Ͼ 0, r⌬S B ͑r , t͒ can be expressed as follows ͑see Appendix B for details͒:
where SGNY͑r͒ is the SFT of sgn͑q͒. Since SGNY͑r͒ is simply proportional to 1 / r, which is a smooth function without oscillations, the convolution does not introduce ripples. However, the multiplicative cos͑q T r͒ and sin͑q T r͒ terms change the phase of the original r⌬S͑r , t͒.
The differences between the two TFTs in Eqs. ͑3͒ and ͑5͒ can be visualized by applying them to a model system as done in the next section. It will be shown that mode B is useful for visual ͑qualitative͒ comparison ͑Secs. III B and III C͒, but both modes give the same quantitative results ͑Sec. III D͒.
B. Application to a model system
Truncation inevitably introduces distortions in the resulting RDF. However, the distortions are not the real handicap as far as both the experimental data and the theoretical model are treated by the same TFT in a comparative structural analysis because the introduced distortions are the same. As far as the distortions do not hamper the comparison between the experiment and theory, the resulting TFTs can still be useful in differentiating several candidate theoretical models against the experimental data. To gauge the effect of truncation in each mode outlined in the previous section, dissociation of I 2 molecule with the I-I distance of 2.67 Å into two iodine atoms ͑I 2 → I+I͒ was used as a model system. 
C. Application to experimental data I: C 2 H 4 I 2 in methanol
TFT analysis would be useful only when it can offer structural insight for real data. To test its usefulness, it was applied to real data of C 2 H 4 I 2 in two different solvents, methanol and cyclohexane. The photodissociation reaction of C 2 H 4 I 2 in methanol was recently investigated by TRXD, 12 but that in a nonpolar solvent ͑cyclohexane͒ has not been investigated yet. One of the most important issues was the structural identity of the C 2 H 4 I radical; whether it is a bridged form or a classical anti structure as illustrated in Fig.  1 . Mathematical decomposition via MD simulation revealed that the bridged structure, not the anti structure, agrees much better with the experimental data at 100 ps. 12 Therefore, it is of great interest if TFT analysis, which does not require MD simulation, can discern which model better explains the experimental data at 100 ps and which model explains the experimental data in cyclohexane better.
We applied two modes of TFT to the C 2 H 4 I 2 /methanol data at 100 ps. TFT is applied to the q⌬S͑q , t͒ curves of the experimental data and gas-phase models ͑in this case, the bridged and the anti structure͒. For each case, the resulting RDFs are displayed as a function of q T . As expected, spurious ripples in mode A ͑not shown͒ make visual ͑qualitative͒ comparison of the experimental data to two candidate structural models difficult. In the case of mode B shown in Fig. 3 , it is quite a different story. Throughout all q T ranges above 1 Å −1 , the RDFs from the bridged model show clearly different features from those of the anti model, especially around 2 Å, which is sensitive to the C-I bond distance. This peak can be used as a fingerprint region because the bridged structure has two identical C¯I internuclear distances, whereas the anti structure has two different C¯I internuclear distances. Comparison of the experimental TFT and two theoretical TFTs instantly reveals that the experimental data agree much better with the bridged model than with the anti model. When q T is larger than 1 Å −1 , the experimental RDFs are almost identical to the corresponding RDFs of the bridged model. The RDFs of the anti model reproduce the experimental peak around 5 Å, but fail around 2 Å. The peak at 5 Å is due to the depletion of I¯I internuclear pair in the parent molecule and is common for both channels producing either the bridged radical or the anti radical. It should be noted that the negative peak corresponding to the I¯I internuclear distance ͑r =5 Å͒ becomes negative again at q T =2 / r Ϸ 1.25 Å −1 and 4 / r Ϸ 2.50 Å −1 . In the same way, the negative peak at ca. 2.0 Å obtains its original phase at 2 / r Ϸ 3 Å −1 . Therefore, the application of TFT with mode B to TRXD data on the photodissociation of C 2 H 4 I 2 in methanol clearly shows that the C 2 H 4 I transient radical has a bridged structure rather than a classical anti structure, confirming the previous conclusion.
12
D. Structural correlation factors
The comparative analysis of experimental data to theoretical models using TFT described in the previous section relies on visual comparison and is therefore rather qualitative. A quantitative tool can be provided by using structural correlation factors between the experimental TFT and the TFT of the theoretical model defined as follows:
where r⌬S expt ͑r , t͒ is the experimental RDF and r⌬S model ͑r , t͒ is the RDF of an isolated-solute model. It is important that both experimental and model RDFs should be normalized so that ͵ ͑r⌬S͑r,t͒͒
This normalization ensures that the correlation factors approach unity for a perfect model. In addition, this makes the experimental data scaled to theoretical models even when the exact population of the transient concentration is not known. Figure 4 shows the correlation factors for the case of C 2 H 4 I 2 in methanol data as a function of q T for both modes A and B. Comparison of the anti and bridged model shows that the correlation factors of the bridged model are always closer to 1 than those of the anti model, consistent with the qualitative analysis. It should be noted that both modes A and B give almost the same plots and either mode should be fine FIG. 3 . TFT with mode B of C 2 H 4 I 2 /methanol data at 100 ps ͑A͒, gas-phase models of the anti structure ͑B͒, and the bridged structure ͑C͒. At the bottom of each graph, peak assignments are given for the disappearing parent molecule ͑below the horizontal line͒ and the appearing intermediate structure ͑above the horizontal line͒. The position of a bar is related to the corresponding internuclear distance and the height is proportional to the number of the corresponding internuclear distance. Qualitative comparison clearly indicates that the experimental TFT agrees well with the TFT of the bridged model rather than the anti model. for a quantitative comparison. The two modes of truncation presented in this paper are not special ones but rather typical and natural choices. If the truncation mode affects the correlation factors, it would be problematic. The important point is that the experimental data and the theoretical models are transformed in the exact same way. Note that the correlation factor at q T =0 ͑i.e., without truncation͒ already allows one to distinguish reaction pathways. The correlation factors increase with increasing q T due to the reduced contribution from solvent and comparing correlations factors in a wider range of q T adds discriminating power.
E. Application to experimental data II: "C 2 H 4 I 2 … in cyclohexane
The data collected for the same solute ͑C 2 H 4 I 2 ͒ in two different solvents ͑methanol and cyclohexane͒ provide an excellent opportunity to evaluate the validity of TFT analysis. We applied TFT analysis to TRXD data in cyclohexane. The data in cyclohexane at 50 ps have a worse signal-to-noise ratio than that in methanol. When q T increases, the contribution from solvent decreases and the RDFs from two different solvents become very similar other than more ripples due to lower signal-to-noise ratio, indicating the transient solute structure is the same, regardless of the solvent ͑not shown͒. Comparison of the RDFs from C 2 H 4 I 2 /cyclohexane ͑not shown͒ to the TFT of theoretical models clearly shows that the experimental data agree much better with the bridged model than the anti model. Figure 5 shows a plot of the correlation factors for both models and it is evident that those for the bridged model are much closer to 1 than those of the anti model. It should be noted that MD simulations have not been applied for C 2 H 4 I 2 /cyclohexane, but TFT analysis can still distinguish which model explains the experimental data and led us to conclude that the bridged C 2 H 4 I radical forms regardless of solvent polarity.
F. Application to experimental data III: HgI 2 in methanol
Determining the reaction channel in the photodissociation of HgI 2 in methanol is more complicated since four candidate channels exist. In the global fitting analysis using MD simulations, these four channels were compared with experimental data ͑Fig. 5 of Ref. 14͒ and the simple twobody dissociation channel ͑HgI 2 → HgI+I͒ gave the best experimental agreement. From TFT of HgI 2 /methanol data at 100 ps and isolated-solute models of four candidate channels ͑not shown͒, the isomer formation channel can be immediately rule out, but other candidate channels except the isomer channel yield similar RDFs and thus make the qualitative comparison difficult. However, quantitative comparison based on the correlation factors shown in Fig. 6 clearly shows that the two-body dissociation ͑HgI 2 → HgI+I͒ is the dominant reaction channel over other candidate channels. The correlation factor for the two-body dissociation is already close to 1 even at q T = 0. This is because the solvent contribution is not so severe compared to the solute signal at low q due to the heavy atoms in the solute molecule.
G. Application to experimental data IV: I 3 − in methanol
We applied TFT analysis to new experimental data on I 3 − in methanol. Photodissociation of I 3 − has been extensively studied using time-resolved spectroscopy. [58] [59] [60] Previous stud- FIG. 4 . Structural correlation factors of the experimental TFT data to theoretical models as a function of q T for the TRXD data of C 2 H 4 I 2 in methanol. Panels ͑A͒ and ͑B͒ are from using modes A and B, respectively, although they are almost identical. In general, structural correlation factors to the bridged structure are higher than those to the anti structure, quantitatively indicating the former explains the experimental data better.
FIG. 5. Structural correlation factors of the experimental TFT data for the two theoretical models of C 2 H 4 I as a function of q T for TRXD data at 50 ps of C 2 H 4 I 2 in cyclohexane. In general, structural correlation factors for the bridged structure are higher than those for the anti structure, quantitatively indicating the former explains the experimental data better.
ies suggest three candidate reaction channels which depend on the excitation wavelength ͓Fig. 1͑c͔͒. The nature of the simple two-body dissociation channel ͑I 3 − → I 2 − +I͒ in the solution was well established by Banin and Ruhman. 58 Kuhne and Vohringer reported the possibility of the existence of the three-body dissociation channel ͑I 3 − → 2I+I − ͒ when the laser energy was high enough. 59 In the gas phase, Zanni et al. detected the 1:2 mass channel and 1:1 mass channel, which correspond to the two-body and three-body dissociation channels, respectively. 60 The two-body dissociation channel can be either a ͑I 3 − → I 2 − +I͒ channel or a ͑I 3 − → I 2 +I − ͒ channel, and the three-body dissociation channel is I 3 − → I+I+I − . We applied mode B to the recently collected TRXD data for I 3 − in methanol. From the RDFs of I 3 − /methanol data at 100 ps and three candidate channels ͑not shown͒, it can be seen that only the I 2 − formation channel has a similar pattern to the experimental data because I 2 − has a longer bond length. This indicates that I 3 − dissociates into I 2 − and I rather than other candidate channels. Quantitative analysis using correlations factors shown in Fig. 7 can discriminate three channels more dramatically. The correlation factors of the I 2 − formation channel at various q T values are much higher than others. This quantitatively indicates that the I 2 − formation channel is the dominant reaction pathway over other candidate channels from photodissociation of I 3 − at 267 nm.
IV. CONCLUSIONS
A new method of obtaining structural insight by incorporating only isolated-solute models, which does not bias the experimental data, is presented. FT is applied to both the experimental data and candidate isolated-solute models, and comparison of the correlation factors between the experimental FT and the model FTs can distinguish the best among candidate models for the reaction intermediates. The low q region whose influence by solvent-related terms is relatively high can be further excluded, and this mode of truncated Fourier transform ͑TFT͒ improves the correlation factors and facilitates the comparison. This new method offers advantages in that the experimental data are not contaminated by any theoretical model, and can still be used to discriminate candidate isolated-solute models against the experimental data, thereby facilitating the comparison between the theory and experiment. The application of TFT analysis to TRXD data on the photodissociation of C 2 H 4 I 2 in two different solvents, methanol and cyclohexane, shows that the transient C 2 H 4 I radical is bridged in both polar and nonpolar solvents. TFT analysis also confirms that the major primary reaction channel for the photodissociation of HgI 2 in methanol is twobody dissociation. TFT analysis of the TRXD data in methanol clearly shows that I 3 − photodissociates into I + I 2 − rather than I − +I 2 or I − + 2I. TFT analysis is simpler in that it does not require any MD simulations. TFT is relevant not only to solution-phase data as discussed in this paper but also to gas-phase data 27, 28, 40, 41, [44] [45] [46] 55 because the low q region of the latter is typically not obtained experimentally. 
APPENDIX A: DERIVATION OF EQUATION "4…
In our application,
where f͑q , t͒ is defined only for q Ͼ 0, but we can expand it as an odd function satisfying f͑−q , t͒ =−f͑q , t͒. 
The mode A in Eq. ͑3͒ can be expressed as follows:
where the symbol means convolution after absorbing the constant. Equation ͑C13͒ gives a more detailed derivation. A window function can be defined as w͑q͒ = 1 for ͉q͉ Ͻ q T and 0 for ͉q͉ Ͼ q T ͑A7͒
and the CFT of w͑q͒ is as follows:
͑A8͒
The mode A in Eq. ͑3͒ can be expressed as follows: which is Eq. ͑4͒.
APPENDIX B: DERIVATION OF EQUATION "6…
We define a signum function, sgn͑q͒ = − 1 for q Ͻ 0 and 1 for q Ͼ 0. ͑B1͒
Then its FT is 61
and its sine-Fourier transform ͑SFT͒ is as follows:
͑B3͒
Mode B in Eq. ͑5͒ can be expressed as follows:
The relation in Eq. ͑C9͒ was used. The second term in the last line of Eq. ͑B4͒ is as follows: 
